ABSTRACT. When dating unburnt bone, bone collagen, the organic fraction of the bone, is used. Collagen does not survive the heat of the cremation pyre, so dating of cremated bone has been considered impossible. Structural carbonate in the mineral fraction of the bone, however, survives the cremation process. We developed a method of dating cremated bone by accelerator mass spectrometry (AMS), using this carbonate fraction. Here we present results for a variety of prehistoric sites and ages, showing a remarkable success rate for this method.
INTRODUCTION
Since the 1950s, radiocarbon has played an ever-increasing role in archaeology, especially prehistoric archaeology. Collecting charcoal and bone samples for dating during excavations is standard practice and, although less common, systematic dating for research purposes is also becoming more common. The traditional dating techniques require relatively large amounts of sample material. The new accelerator mass spectrometry (AMS)-dating techniques allow the use of very small samples: a single charred grain of wheat, a piece of bone the size of a molar, but, unexpectedly, also the dating of small samples of calcined bone.
Recent studies have emphasized the importance of samples with negligible own-age because the calibration of 14 C ages only makes sense when own-ages are absent. Only then can calibrated 14 C ages be compared with dendrochronological and/or historic dates. Bone (preferably of terrestrial herbivores) and seeds should therefore be preferred by archaeologists rather than charcoal samples with all their attendant problems which continue to dominate sample selection. Prehistoric human bone is usually a reliable dating material, although occasionally reservoir effects cause 14 C dates of human bone be too old, namely when the diet contained large amounts of fish (Lanting and van der Plicht 1998) .
The fact that cremated bone was undatable was regarded by many archaeologists as a serious drawback. Cremation burials are regularly associated with pottery and/or with objects of stone, metal, glass, etc. of diagnostic types. At the same time, cremations are often devoid of charcoal, having been hand-picked from the remains of the cremation pyre. But even when charcoal is present, this should not be considered to be the best material for 14 C dating, because of the above-mentioned problems. If they could be dated, the calcined bones would be much more reliable dating material.
Structural Carbonate in Bone Mineral
Bone consists of long chains of proteins (collagen) in which particles of poorly crystallized inorganic material are imbedded. Normally, collagen is used when dating unburnt bone. The inorganic material is primarily a calcium phosphate with an apatite-like structure. A feature of this "bio-apatite" is that it incorporates a certain amount (0.5-1% by weight) of carbonate as a substitute for phosphate in the crystal lattice. This so-called structural carbonate has its origin in blood bicarbonate generated by energy production in the cells. It is therefore directly related to the food intake of the person or animal in question. Bone collagen has its origin solely in proteins in the diet and is therefore liable to reservoir effects when these proteins are derived largely from fish and/or shellfish. Structural carbonate has its origin primarily in the carbohydrates and fats in the diet, and in excess protein. Reservoir effects are therefore limited, unless the diet consisted largely of fats and proteins from marine or freshwater food chains.
Structural carbonate is of great interest to palaeodietists who have developed and tested methods of collecting structural carbonate from the bio-apatite and separating it from "absorbed" carbonate in archaeological bones (Lee-Thorp et al. 1989 ; Lee-Thorp and van der Merwe 1991; Ambrose and Norr 1993). During life, bio-apatite and collagen are replaced in bone at a slow but constant rate. The "own-age" of structural carbonate is therefore limited and similar to that of bone collagen, 10-20 years at the most.
Structural carbonate has been used for 14 C dating on a very limited scale probably because carbonate in unburnt tooth enamel (which from a chemical point of view is closely related to bio-apatite) produced aberrant dates due to post-depositional changes (Hedges et al. 1995) . At the 3rd International Symposium on 14 C and Archaeology in Lyon (6-10 April, 1998), a group of French scientists presented the results of dating samples of structural carbonate in prehistoric skeletons from the Sahel. These carbonate dates were checked against dates on collagen, charcoal or charred bone and proved to be reliable. Post-depositional changes were not a factor because of the extremely dry climate in the Sahel Person et al. 1998 ).
Carbonate Dating of Cremated Bone
After hearing this lecture, the first author realized that it might be possible to date calcined bone from cremation burials using structural carbonate. All previous attempts to date cremated bone had failed because it had been treated as charred bone. Charred bone is heated at relatively low temperatures (200-300 °C), contains carbonized fats and proteins and is grey or black inside while calcined bone has been heated at far higher temperatures (above 600 °C), contains no carbonized material at all and is white throughout. Some collagen may survive in charred bone, but none survives cremation. However, of great significance is the fact that during cremation, i.e. at temperatures above 600°C, the bioapatite recrystallizes and larger and better-structured crystals are formed (Shipman et al. 1984) . This is one of the reasons why cremated bone survives even in acid soil. During the burning some of the structural carbonate disappears (Stiner et al. 1995) but the first author postulated that it was unlikely that all the structural carbonate would disappear on a prehistoric pyre. The Groningen 14 C laboratory was asked to date the structural carbonate from a number of prehistoric cremations of known age.
METHODS
A 1.5% sodium hypochlorite solution was used to remove organic material (48 hr, 20 °C), and 1 M acetic acid to remove the more soluble carbonate ions (such as calcite and adsorbed carbonates), as well as the less crystalline and more soluble fractions of apatite (24 hr, 20 °C). The apatite yield is about 85%. This pretreated apatite is powdered, and CO 2 is produced by reaction with oversaturated phosphoric acid. The reaction time is 8 hours. The CO 2 formed is cryogenically trapped in a vacuum extraction system, and purified. Finally, the CO 2 is converted into graphite and measured by the Groningen AMS system (Gottdang et al. 1995) .
RESULTS
The results of the extensive testing program for prehistoric cremations with known age are shown in Table 1 (known age based on charcoal dates from the same context) and Table 2 (known historic age). These tests showed that cremated bone does indeed retain sufficient structural carbon-ate for dating by AMS, although in some cases the amount is quite small, not more than 0.1% by weight. The stable isotope ratio δ 13 C indicated that considerable amounts of carbonate must have burnt out, resulting in a remarkable shift in δ 13 C due to isotopic fractionation during this process, from -15 ± 2‰ in unburnt bone to -24 ± 3‰ in burnt bone.
This does not influence the possibility of dating cremated bone, however. The tests also showed that sufficient structural carbonate for AMS-dating is present in samples of no more than 1.5 g of cremated bone. Small fragments, including porous ones, can be used instead of larger fragments of solid calcined bone (Table 3 ).
In the meantime, more than 200 cremation dates have been produced in Groningen, largely on Dutch, Belgian, northwest German, and Irish material. The results of an Irish dating program Table 1 14 C ages (BP) of carbonate fractions in calcined bones, compared with 14 C ages of charcoal in the same contexts. In a number of cases the charcoal dates are considerably older than the carbonate dates, due to the "old wood" effect. The large difference between cremated bones and charcoal in Oirschot V-21 is due to the lack of pretreatment with alkali of the charcoal samples. (Lanting and Brindley 1998) . This test program included cremations previously dated on charcoal.
Finally, dates obtained on calcined bone/cremations from the Netherlands, and adjacent Belgium and northwest Germany, are listed in Table 4 . This represents a start of a new application in archaeology: the 14 C dating of cremated bones.
CONCLUSION
Cremated bones are exposed to temperatures above 600 °C, where the bone mineral recrystallizes and becomes better structured. During the heating process, most of the structural carbonate disappears, but enough material (carbon content ca. 0.1% by weight) remains to make AMS dating possible.
We have developed a method for dating cremated bones by AMS, using this carbonate fraction. The results of our extensive testing program are remarkably positive. We have shown that: 1) cremated bone produces reliable 14 C dates, 2) cremated bone is very resistant to external influences, due to recrystallization, and 3) no noticeable differences between 14 C ages obtained for pieces of solid bones and on small fragments or crumbs of bone are observed. Not more than about 2 g of cremated bone is required for this method. 
